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Abstract 
Raman spectroscopy, x-ray diffractometry, atomic force microscopy, photoluminescence 
spectroscopy and reflectance spectroscopy have been used to characterize ZnO thin films 
grown by pulsed laser deposition as a function of the post-growth annealing temperature. 
Raman results show enhancement and broadening of certain Raman features which 
correlate with changes in the widths of the x-ray diffraction peaks for samples with varying 
grain size in the 50-100 nm range. These data suggest that electric fields, arising from charge 
trapping at grain boundaries, in conjunction with localised and surface phonon modes, are the 
cause of the intensity enhancement and asymmetry of the Raman features. 
Band-edge photoluminescence and reflectance spectra also altered considerably with 
increases in grain size, showing clearly observable excitonic structure in the reflectance 
spectra. An analysis using a deformation potential Hamiltonian demonstrates that the 
experimental exciton energies are not explicable solely in terms of sample strain and give 
additional evidence for electric fields in the samples due to charge trapping at grain 
boundaries. This is supported by theoretical estimates of the exciton energy perturbation due 
to electric fields and also by the behaviour of the green band in the samples. 
Detailed studies show that reflectance spectra in nanocrystalline ZnO differ substantially 
from bulk material. Interaction of excitons, damped by strong electric field effects, with 
photons leads to exciton-polaritons with substantial damping, eliminating the normal Fabry-
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Perot structure seen in thin films. Good qualitative agreement is achieved between the model 
and data and the conclusions are also in good agreement with the photoluminescence and 
Raman data.  
Finally, high intensity optical pumping data of these samples again shows a dependence 
on grain size. All samples show evidence of high excitation effects and the sample with the 
largest grain size displays random lasing at room temperature.  
All our results indicate the very strong influence of electric fields due to charge trapping 
at grain boundaries on the optical properties of nanocrystalline ZnO. 
 
Keywords: ZnO, thin films, photoluminescence, x-ray diffraction, Raman spectroscopy, 
exciton, stimulated emission. 
Introduction 
ZnO has recently become the topic of intense renewed research due to its potential use in 
short wavelength light emitters such as LEDs and laser diodes. ZnO is a semiconducting 
oxide with a direct bandgap of approxmimately 3.3 eV at room temperature. ZnO has a 
number of exceptional material properties which give it great potential as a materials system 
for efficient wide bandgap devices. These properties include a large (~ 60 meV) exciton 
binding energy, leading to efficient excitonic emission at room temperature, the availability of 
high quality, large area single crystal ZnO substrates for homoepitaxy and good radiation 
hardness [1-3]. In addition, the main technological challenge of achieving p-type doping with 
sufficiently high carrier concentrations and mobilities is beginning to be conquered now, 
through a variety of approaches involving various dopants and methods [4-6]. Furthermore, 
ZnO shows exceptional promise as a material for nano-optoelectronics and electronics, as a 
wide range of nanostructures such as nanorods, belts, quantum dots and other morphologies 
can be grown in a controllable manner and with a degree of self organization [7-9]. 
One of the main challenges in the achievement of the technological goals for ZnO and its 
alloys is to fully understand the materials science involved in the growth of high quality thin 
films. Given that a large literature on the optical and electronic properties of bulk ZnO exists 
since the 1950’s and before [10], the utilization and transfer of such knowledge and data to 
thin film growth and characterization is a key area of research. ZnO thin films have been 
successfully grown by a variety of techniques such as pulsed laser deposition (PLD), metallo-
organic vapour phase epitaxy (MOVPE), molecular beam epitaxy (MBE), magnetron 
sputtering and others. Among these techniques, PLD has been consistently shown to grow 
films of the highest quality and is excellently suited to this material system [11-14]. 
In this paper, we give a full report of the results of a study of a number of ZnO thin films 
grown using PLD, with various post-growth anneals which led to a variety of grain sizes. We 
examine the systematic behaviour shown by these samples using Raman spectroscopy (RS), 
x-ray diffraction (XRD), atomic force microscopy (AFM) and both photoluminesence (PL) 
and reflectance spectroscopies 
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Experimental Details 
ZnO films were grown on (0001) sapphire substrates by PLD using a 10 Hz pulsed KrF 
excimer laser (with wavelength λ=248 nm). The fluence on target was fixed at 1.7 J/cm2 for 
all samples. A ZnO ceramic target (99.99%) was used throughout and the target to substrate 
distance was ~ 4 cm. The thin films were grown in an O2 (purity 99.99%) pressure of 0.3 
mbar and the substrate temperature was maintained at 400°C during growth. The film 
thicknesses were in the range 150-200 nm, giving a deposition rate of 0.025 nm/pulse. Two of 
the films were subsequently annealed in O2 (0.3 mbar) at 400°C and 500°C respectively (see 
table 1) in the growth chamber immediately after deposition. SEM data show that the films 
are continuous and show no evidence of porosity. The crystal structure and quality of the 
samples were investigated by XRD in the θ-2θ mode and also in phi scan mode (using Cu Kα 
radiation). Raman scattering measurements were performed using a micro-Raman 
spectrometer equipped with a CCD detector. Raman spectra were excited with 1.96 eV 
photons from a He-Ne laser (λ~632 nm) or, for the resonance excitation measurements, with 
3.82 eV photons from a UV laser (λ=325 nm), in both cases using unpolarised back scattering 
geometry. The He-Ne laser beam of 5-6 mW was focussed on the sample surface to a spot of 
diameter ~ 10 μm. Atomic force microscopy (AFM) measurements were made using a 
commercial AFM in contact mode operation. The 325 nm line of a continuous wave HeCd 
laser (output ~ 40 mW unfocussed on the sample) provided PL excitation. The PL emission 
from the sample was analyzed using a 1 metre grating spectrometer and detected with a 
photomultiplier tube operated in photon counting mode. Controllable temperatures from 10 K 
to 300 K were achieved using a closed cycle cryostat. Reflectance measurements were 
performed using a Fourier-transform (FT) spectrometer fitted with a photomultiplier tube. 
Samples were studied at temperatures between 20 and 300 K using a closed-cycle cryostat. A 
150 W Xe-arc lamp was used to illuminate the samples after beam confinement through a 
variable aperture. No focusing was used and the incident light was unpolarised. Since the 
spectral region of interest is in the UV, and to avoid saturation of the detector (due to the 
multiplex nature of the FT spectrometer data acquisition), visible wavelengths were removed 
from the reflected beam with an appropriate glass filter. As a reference, we used a silicon 
sample onto which a thick layer of aluminium was deposited. Typical reflectivity for this 
reference sample is approximately 93 %. High-intensity optical pumping is by the frequency-
tripled output (355nm) of a Nd:YAG laser (10Hz, 6ns). The pump power intensity was 
lowered using reflection from a glass slide and a neutral density filter. The laser spot was 
focused onto the sample with a diameter of 1.2mm, thus we achieved excitation intensities in 
the range 500 - 7000 kW/cm2. The laser strikes the sample at normal incidence. The edge 
emission from the sample was analysed using the grating spectrometer system described 
above. The typical spectral resolution of the PL and reflectance data was in the range 0.25 
meV to 0.1 meV for bandedge PL and reflectance studies and 1 meV or greater for the data 
measured across a broader spectral range. 
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Table 1: Growth conditions and results of x-ray analysis for PLD-grown ZnO thin films. 
Sample Annealing temp. (oC) 
Annealing time 
(min) 
FWHM of (0002) peak 
(o) 
Average grain size 
(nm) 
(i) No anneal - 0.34 32 
(ii) 400 10 0.22 67 
(iii) 500 15 0.21 79 
Results 
X-ray diffraction measurements in the θ-2θ mode as a function of sample annealing 
temperature are presented in figure 1(a). They are dominated by the (0002) and (0004) ZnO 
peaks along with the prominent (0006) sapphire peak in the annealed samples. The sapphire 
peak is not seen for sample (i), possibly due to increased surface scattering due to surface 
roughness in this case. The surface roughnesses (taken as the standard deviation of the AFM 
tip height across a 2 μm profile) vary from > 10 nm for sample (i) down to ~3 nm for sample 
(iii). The dominance of the (0002) and (0004) peaks indicates that ZnO thin films highly 
textured along the (0001) direction have been grown [15]. Figure 1(b) shows the phi scan of 
the PLD sample annealed at 5000C for the ZnO ( ) planes and the sapphire ( ) 
planes. The presence of peaks in the ZnO phi scans separated by 60
1110
−
4110
−
0 confirms the in-plane 
epitaxial ordering for all these samples and the angular displacement (300) of the ZnO and 
sapphire peaks confirms the epitaxial relationship between ZnO and sapphire as [0001]ZnO // 
[0001]Sapphire perpendicular to the substrate and [ ]0110
−
ZnO // [ ]0321
−
Sapphire in the plane of the 
substrate. Similar phi scans were obtained for the other PLD samples, with the same epitaxial 
relationship in evidence. There was evidence of an additional epitaxial orientation in the 
sample annealed at 4000C, however the relative magnitude of this second orientation was 
rather small compared to the dominant orientation. The lattice parameters of the ZnO thin 
films perpendicular to the substrate can be calculated from the diffraction angles in the θ-2θ 
mode corresponding to the ( ) and (0002) planes. The intensity of the  peak is small 
compared to the (0002) peak intensity due to the high degree of c-axis orientation. The 
average values of c- and a-axis lattice constants of our PLD samples are 0.518 nm and 0.330 
nm respectively and the values for all samples were identical within the limits of our 
experimental accuracy (± 0.001 nm). The average grain size (parallel to the (0002) direction) 
of the ZnO films can be estimated from the full width at half maximum (FWHM) of the 
(0002) peak using Scherrer’s relation [16] (see table 1). The range of annealing temperatures 
used in our work coincides with those known to lead to major grain growth [17-18]. The 
annealed samples show a decrease of (0002) peak FWHM and consequent increase in grain 
size with increasing annealing temperature. These results are supported by AFM imaging of 
the samples (figure 2), where measurements of the lateral grain sizes are 135 ± 40 nm for the 
sample annealed at 400
0110
−
0110
−
0C and 180 ± 50 nm for the sample annealed at 5000C. The annealing 
process clearly produces a recovery of the crystal structure and increase of the grain size. We 
note that in our experimental conditions, the increase in grain size is achieved after annealing 
for relatively short times. Such an effect was also observed in the case of magnetron sputtered 
ZnO [19]. 
Optical Properties of Nanocrystalline ZnO Thin Films Grown Using Pulsed … 107
30 40 50 60 70
(a)
sample (iii)
sample (ii)
sample (i)
ZnO
(0004)
ZnO
(0002)
Sapphire
X
-r
ay
 in
te
ns
ity
 (a
rb
. u
ni
ts
)
2θ (degrees)  
-180 -90 0 90 180
(b)PLD sample
5000C 15 min.
ZnO (10-11) plane
Sapphire (10-14) plane
X
-r
ay
 in
te
ns
ity
 (a
rb
. u
ni
ts
)
Phi angle (degrees)  
Figure 1: (a) θ-2θ XRD scans showing the (0002) and (0004) Bragg peaks obtained from the PLD-
grown ZnO films : (i) unannealed; (ii) and (iii) annealed at 400°C and 500°C respectively. (b) XRD phi 
scan of the PLD sample annealed at 500°C for the ZnO ( ) plane and the sapphire ( ) plane. 1110 − − 4110
(a) (b)39.8 
nm
22.5 
nm
1 μm 1 μm
1 μm 1 μm 
 
Figure 2: AFM images of PLD-grown ZnO thin films: (a) annealed at 4000C; (b) annealed at 5000C. 
The average grain sizes estimated from these images are 135 ± 40 nm for the sample annealed at 4000C 
and 180 ± 50 nm for the sample annealed at 5000C. 
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Figure 3: Non-resonant (λexc = 632 nm) Raman spectra of PLD grown ZnO thin films : (i) not annealed; 
(ii) and (iii) annealed at 400°C and 500°C respectively.  
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Figure 4: Resonant (λexc = 325 nm) Raman spectra of PLD grown ZnO thin films : (i) not annealed and 
(iii) annealed at 500°C. Similar spectra were obtained for the other samples. The 2LO feature 
characteristic of resonant Raman spectra is clearly seen at ~ 1150 cm-1. 
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The unpolarized Raman spectra (with He-Ne excitation) of the ZnO thin films are shown 
in figure 3 as a function of annealing temperature. The peaks at 418 cm-1 and 751 cm-1 are due 
to scattering from the sapphire substrate. The E2 437cm-1 peak, characteristic of the wurtzite 
lattice, can be seen in all samples. The A1(TO) mode at 379 cm-1 is apparent in sample c. 
However, the Raman spectra are dominated by the longitudinal optical vibration at ~570cm-1. 
This band is attributed to the E1(LO) mode [20]. The intensity and FWHM of the 570 cm-1 
peak appears anomalously high for the unannealed sample and the sample (ii) which was 
annealed at 4000C, but it is reduced dramatically (by a factor of ~100 relative to the sapphire 
features) with increasing annealing temperature. In addition, this feature shows a marked 
asymmetry which also decreases with increasing annealing temperature. Raman spectra were 
also measured with UV excitation λ=325 nm (or 3.82eV) and are shown in figure 4. The 
spectra from all the samples are similar, that is the strong band at 570 cm-1 was observed 
below the 800 cm-1 spectral region whereas a 2LO vibrational mode at ~1150 cm-1 was 
recorded in the higher spectral range as reported by several authors [21-22]. The Raman peak 
at 570 cm-1 is symmetric for all the PLD-grown ZnO samples when the excitation is at or 
above resonance. 
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Figure 5: PL data for the three PLD samples at 20 K and 300 K. Multipliers given allow comparison of 
the three sample intensities at the same temperature, but do not relate the 300 K measurements to the 20 
K measurements. 
E. McGlynn, J.Fryar, G.Tobin et al. 110
Figure 5 shows PL spectra at 20 K and 300 K for the three PLD grown samples. These 
spectra show that all the samples have strong band-edge, UV emission and with varying 
amounts of green band emission. Other workers have found similar results for ZnO materials 
grown using PLD [23]. The low temperature bound exciton (BE) luminescence in the case of 
the PLD samples is substantially broadened, and the multiple sharp BE lines seen in the bulk 
material cannot be resolved in our PLD material. The width of the BE feature in PLD material 
at 20K is ~12 meV compared to the bulk crystal value for a single line of ~1 meV. We note 
that the room temperature peak PL intensities for all three samples are quite similar, with the 
unannealed sample actually having the highest peak intensity. The room temperature 
integrated intensities across the entire spectral range of the annealed samples are slightly 
higher than that of the unannealed samples. At low temperatures however, we see that the 
peak and integrated intensity of the unannealed sample is substantially lower than the 
annealed samples. The integrated intensities of the two annealed samples are quite similar at 
low temperature. One must be careful in making sample to sample comparisons of PL 
intensities due to the variations that may occur in alignment etc., however there is a very 
definite increase in low temperature PL intensity from the unannealed sample to the two 
annealed samples. We also note a relative increase in the intensity of the green band (~ 2.4 
eV) compared to the band-edge emission with increased annealing, and the appearance of a 
structured luminescence below the BE emission in the two annealed samples which is not 
present in the unannealed sample. 
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Figure 6: PL and reflectance (at 450 incidence angle) data for the three PLD samples at 20 K and the 
bulk material at 50 K. Positions of FE and LO phonon replicas are indicated for sample (ii) and the bulk 
crystal, with similar assignments for samples (i) and (iii). All linewidths are sample limited. 
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In figure 6 we compare PL and reflectance (at 450 incidence angle) data for the three PLD 
grown samples at 20 K and for the bulk crystal at 50 K (temperature for the bulk sample was 
chosen to show LO phonons replicas more strongly) in the near band-edge region of the 
spectrum. For all samples, as noted above, we see BE luminescence in the region around 
3.360 eV. In the bulk crystal we observe longitudinal optic (LO) phonon replicas of both the 
A and B free excitons (FE), with some evidence (from the PL temperature dependance) of 
zero-phonon luminescence from the A exciton above the BE lines. 
Figure 7 shows the more detailed experimental reflectance data (at normal incidence to 
simplify subsequent modelling, which accounts for minor differences in structure compared 
to figure 6) for the PLD samples at 17 K. In the top curve of figure 7 the excitonic features 
are only weakly observable, and some evidence is seen of oscillatory structure at higher and 
lower energies. The A- and B-exciton features (region II) are much clearer in the two 
annealed samples, the middle and lower curves of figure 7, and also show clear oscillations at 
both low and high energies (regions I and III). We believe, on the basis of the analysis below, 
that these oscillations are Fabry-Perot (FP) oscillations due to multiple reflections in the thin 
film. In our samples no evidence is seen of the short period oscillations characteristic of 
anomalous wave interference. Figure 8 shows a comparison of the reflectance spectra of the 
PLD sample annealed at 5000C (bottom curve) and a single crystal ZnO sample (middle 
curve) at 20 K. For the bulk single crystal reflectance anomalies corresponding to the A- and 
B-excitons are seen at ~3.374 eV and ~3.390 eV respectively. We also see evidence of the 
excitonic excited states at ~3.427 eV but will neglect the contribution of these states in the 
subsequent analysis [24-25]. No evidence of the excited states are seen in any of the PLD 
samples. The bulk sample shows no evidence of the FP oscillations in regions I and III. The 
excitonic features in region II are substantially quenched for the PLD sample in comparison 
to the bulk. 
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Figure 7: Experimental reflectance data (at normal incidence) for PLD samples at 17 K: unannealed, 
annealed at 4000C for 10 minutes and annealed at 5000C for 15 minutes.  
High intensity optical pumping is done by the frequency-tripled output of a Nd:YAG 
laser as mentioned above. Figure 9 shows the variation of the luminescence spectra for the 
bulk crystal sample with varying pump power. We see two features that dominate the spectra, 
firstly at higher photon energies we believe to be the free exciton at 380nm (based on 
comparison with spectra taken with HeCd excitation) and a band centred at 405nm, with a 
separation of ~150meV from the free exciton, due to the exciton-electron interaction (n-type 
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concentration in these samples ~ 1017cm-3) [26]. A plot of integrated emission intensity versus 
excitation reveals linear behaviour with no threshold and no evidence of coherent emission or 
a speckle-like appearance was seen for this sample. We see no evidence of the P-band or 
electron-hole pair (EHP) emission normally associated with the high pumping regime in ZnO 
[26-27]. 
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Figure 8: Comparison of the normal incidence reflectance spectra (at 17 K) of the PLD sample annealed 
at 5000C (bottom curve) and a single crystal bulk ZnO sample (at 20 K) (middle curve). The top curve 
shows the best fit to the experimental data for the bulk crystal using the model described in the text.  
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Figure 9: Bulk material emission spectra at room temperature excited by 355nm line at various power 
densities. 
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Figure 10: (a) sample (i), emission spectra at room temperature excited by 355nm line at various power 
densities; (b) the room temperature dependency of integrated output intensity versus excitation 
intensity. 
If we now examine the PLD grown samples, looking at sample (i) in figure 10(a), we see 
a rather broad band, which at low excitation intensities is centred at ~382 nm, close to the 
expected free exciton energy. At higher excitations we begin to see a band appearing at the 
low energy side of the free exciton. This is really observed simply as an increase in the 
asymmetry to lower energies of the band and thus it is hard to associate a central energy to 
this emerging band. However we believe that we are seeing the emergence of the P-band, 
associated with exciton-exciton collisions, associated with the high pumping regime in ZnO. 
This band would be expected in the range 80 – 100 meV below the free exciton, 
corresponding to a wavelength of ~393 nm. The P band, where an exciton-exciton collision 
gives rise to an emitted photon and an exciton excited into a higher state will have a range of 
energies given by [26-27] 
 
 kT
n
EEP exbexn 2
311 2 −⎟⎠
⎞⎜⎝
⎛ −−=  (n = 2,3,4,…., ∞ ), (1) 
 
where Pn is the photon energy, Eex the free-exciton emission energy, Eexb the binding energy 
of the exciton, n the quantum number of the envelope function, and KT is the thermal energy. 
Equation (1) gives 83 meV for n = 2 and ~98 meV for infinite n, as the energy difference 
between the free exciton peak and the exciton-exciton peak. Thus in PLD samples with 
relatively broad excitonic features we expect to see a P-band in the range 80–100 meV below 
the free exciton energy. Figure 10(b) also shows the integrated intensity as a function of the 
excitation intensity. There is a steep increase in the curve at approximately 2000 kW/cm2. 
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Thus we see the onset of high excitation effects with the appearance of the P-band and a 
nonlinear dependence of intensity with excitation level. For sample (ii), shown in figure 11, 
we again see rather similar spectra, with a free exciton band centred at ~ 380 nm, and the 
appearance of a band at lower energies with increasing excitation levels, which we again 
associate with the P-band. For sample (iii) shown in figure 12 (a), we see a broad free exciton 
feature at 387nm. The slight shift to lower energies is attributed to the sample annealing, 
leading to a reduction in grain-boundary electric fields, which lowers the free exciton energy 
slightly. At intensities above 2253 kW/cm2, we observe a relatively sharp feature at 397nm, 
which is only visible at high excitation energies (marked with the arrows in figure 12 (a)). 
Visually, above this threshold of ~ 2000 kW/cm2, one can see a violet speckled appearance on 
the sample surface, not seen at lower excitations or with HeCd excitation. This effect is also 
visible in a plot of the integrated luminescence versus excitation density (figure 12 (b)), 
which shows a clear threshold at slightly greater than 2253 kW/cm2. In addition to the high 
excitation effects seen for other samples, this sample clearly shows evidence for lasing in 
random media. The peak occurs quite identifiably in the P-band range and above threshold we 
see both an increase and narrowing of the spectral feature, expected during the lasing process. 
We see evidence of mode structure, but the pulse to pulse variability of this structure due to 
the random lasing process means that it varies from spectrum to spectrum [27-28]. 
The evolution of the stimulated emission as a function of the sample treatment shows that 
sample (iii) has the strongest signals in the P-band, and is the only sample to show lasing, 
although high excitation effects are seen in all samples and the thresholds at which high 
excitation effects are seen between the various samples appear relatively constant at ~2000 
kW/cm2. Sample (iii) has a grain size of ~ 80 nm (table 1) and there is a relatively large 
difference in the grain sizes between the unannealed and annealed samples. 
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Figure 11: Sample (ii) emission spectra at room temperature excited by 355nm line at various power 
densities. 
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Figure 12: (a) sample (iii), emission spectra at room temperature excited by 355nm line at various 
power densities; (b) the room temperature dependency of integrated output intensity versus excitation 
intensity. 
Discussion 
We observe a clear correlation between the XRD data and the corresponding non-resonant 
Raman spectra as a function of annealing temperature. As the average grain size increases, we 
observe a reduction in the relative intensity and asymmetry of the 570 cm-1 band in the 
Raman spectra. The origin of the intensity enhancement and asymmetry of the LO mode at 
570cm-1 in nanocrystalline ZnO has been widely discussed in the literature. Explanations for 
this structure include resonance enhancement due to impurity levels in the band gap [29], 
contributions from both the A1 (LO) and E1 (LO) modes due to random crystallite orientation 
[29] or a combination of electric field induced (EFI) Raman enhancement and one of the 
following mechanisms (i) coupled phonon-plasmon scattering or (ii) localised interface and/or 
surface phonon modes [30]. 
The absence of the characteristic 2nd, 3rd order scattering in our spectra rules out the 
resonant enhancement by levels in the gap. These are observed in the spectra of the samples 
under UV excitation as expected. Contributions from both the A1 (LO) and E1 (LO) modes 
due to random crystallite orientation can also be ruled out for the reasons given by Exarhos 
and Sharma [29], namely that, after annealing the XRD results remain essentially the same, 
except for a reduction in the FWHM of the peaks, with no evidence for substantial crystallite 
reorientation. In addition this cannot explain the abnormally high intensity of the 570 cm-1 
band in samples (i) and (ii) in particular. Phonon-plasmon coupling is known to produce 
significant line shifts and broadening in Raman spectra. However, for highly nanocrystalline 
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material, the contribution of the lower frequency L- mode is generally absent, and a shift and 
broadening to higher energy of the L+ mode is observed. This behaviour is not seen in our 
samples, hence we believe that the line broadening we observe is unlikely to be due to 
phonon-plasmon coupling. 
The most consistent explanation of the behaviour of our Raman data is in terms of EFI 
enhancement (via charge trapping at grain boundaries) of the 570cm-1 feature [30]. This 
enhancement effect in conjunction with the presence of localised/surface phonon modes, 
which arise due to the small grain size, accounts for both the intensity and asymmetry of the 
peak in the unannealed sample [30]. Surface phonon modes have been reported at ~550cm-1 
in ZnO [31], which is close to the low energy side of the broad LO mode. This assignment is 
supported by the appearance of a high energy surface exciton peak in PL data from the 
unannealed sample (i), mentioned below. In the annealed samples, the increase in the grain 
size reduces the grain boundary density and hence the effects of charge trapping at grain 
boundaries. Consequently the EFI enhancement is substantially reduced, in addition to 
elimination of the surface/interface modes. The importance of band bending at grain 
boundaries in nanocrystalline samples and the presence of strong electric fields has also been 
found in studies of varistor action in ZnO [32] and of the green luminescence mechanism 
[33]. Similar enhancement and asymmetry effects have also been observed in the Raman 
scattering of ZnO containing gold colloids [34]. These were attributed to a surface 
enhancement effect caused by anomalously large electric fields due to the colloid plasmon 
resonance. Thus, our data appear to support the model proposed in references [30, 34]. This 
suggests that the enhancement and asymmetry of the 570cm-1 Raman feature of 
nanocrystalline ZnO constitutes a good indicator of the grain size of the material.  
The PL data previously shown also supports the conclusions reached concerning the roles 
of grain boundary electric fields. We note that all PLD-grown samples show BE PL. For the 
unannealed sample the emission is rather weak. The higher energy peak on the shoulder of the 
main PL line (figure 6(a)) is likely to be due to surface excitons, reported in [35 – 38], which 
is expected for samples with small grain sizes and consequently large “surface-like” character 
of the material as mentioned above. The large surface to volume ratio may in turn account for 
the lower bandedge PL intensity of sample (i) compared to samples (ii) and (iii), due to 
surface quenching of the exciton features. For the two annealed samples (figure 6(b,c)), we 
see a substantial change in the band-edge PL, with a much larger intensity for both annealed 
samples compared to sample (i). We note the appearance of broad lines below the main PL 
line at energies of 3.330 eV and 3.255 eV with a separation of ~ 75 meV which corresponds 
closely to the LO phonon energy of 72 meV [39]. A variety of near bandedge excitonic 
features are seen in nanostructured material, depending on material quality and the 
concentrations of other impurities [40-41]. We tentatively attribute these PL features to 
emission from excitons bound to structural defects [42-43] and an LO phonon replica of this 
emission. Thus with increased annealing we see a substantial and consistent growth in the 
contribution of BE emission to the PL. This increase in FE luminescence may be expected 
due to the reduction of the surface to volume ratio of the nanocrystals and the consequent 
reduction in the surface quenching of bandedge excitonic emission. 
Reflectance data has been widely published for bulk ZnO [44-46], but there are few 
reports on nanocrystalline material such as the PLD samples we have examined. The 
reflectance data for the bulk crystal shows similar form to those published earlier [46], with 
A- and B- exciton features at ~ 3.374 eV and 3.390 eV, respectively. Although reflectance 
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data on the PLD samples is substantially distorted we see clear resonances in samples (i), (ii) 
and (iii), at ~ 3.374 eV and 3.390 eV.  
We now consider the details of the reflectance from the A-and B- excitons in the PLD 
samples compared to the bulk sample at 20 K. The excitonic reflectance anomalies are 
substantially damped compared to the bulk crystal, particularly for the unannealed sample, 
where the reflectance signatures are extremely weak. These features recover in both the 
annealed samples. A significant strain exists in all the PLD-grown samples, as previously 
measured by XRD (see table 1). The c-axis lattice parameters for all the PLD-grown samples 
are 0.518 nm and the values for all samples were identical within the limits of our 
experimental accuracy. The samples are under tensile biaxial strain following deposition on 
the (0001) sapphire substrate with strain values of ezz = -6 ± 1 x 10-3. We have plotted in 
figure 13 the variation of the A-, B- and C- transverse exciton energies with tensile biaxial 
strain using the deformation potential Hamiltonian in [47 - 49] and the fit parameters in these 
papers, with the small exchange interaction term set to zero. We have superimposed on this 
the positions of the A- , B- and C excitons from the bulk crystal, at zero strain, and the 
positions of the A- and B-excitons from the PLD samples, all taken at 20 K. For this analysis 
we use a commonly accepted empirical procedure to determine the longitudinal exciton 
positions, while below we support this with a more thorough fitting procedure. The position 
in energy (from figure 6) of the reflectance minimum is taken as the longitudinal exciton 
energy [50] and the positions of the B- and C- excitons are corrected by the longitudinal-
transverse splittings (~10 meV) [47] to give the transverse exciton position. We note that our 
estimation of the transverse exciton energies in the PLD samples will have an error of ~ ± 2. 5 
meV for the B-exciton and ~ ± 1 meV for the A-exciton due to the rather broad excitonic 
reflectance anomalies in the PLD samples compared to the bulk. Additionally, we have 
neglected any possible changes in the longitudinal-transverse splittings in the PLD samples 
compared to the bulk.  
One can immediately note that the bulk crystal exciton energies are well described by the 
model Hamiltonian and the fit parameters from [47 - 49]. The exciton energies for the PLD 
samples however are different to those predicted by the model. For the unannealed sample the 
energy difference for the A-exciton is +9 meV and +25 meV for the B-exciton. This reduces 
in the annealed samples to +6 meV and +8 meV respectively for the sample annealed at 400 
0C and to +6 meV and +11 meV respectively for the sample annealed at 500 0C (transverse A-
exciton at ~ 3.375 eV and B-exciton at ~ 3.388 eV). We note that these energy shifts cannot 
be adequately explained on the basis of a quantum confinement (QC) shift, as QC shifts in the 
weak confinement regime, appropriate for ZnO nanocrystals of the sizes observed in our 
work, would be at most ~1.3 meV for sample (i), reducing to less than 0.5 meV for samples 
(ii) & (iii) [51]. Thus these shifts would only be responsible for a very small fraction of the 
overall observed shift. The energy differences for the two annealed samples are identical 
within the experimental error, but there is a very substantial reduction compared to the 
unannealed sample. The energy differences are positive in all cases, indicating that the actual 
energy positions are higher than those expected purely on the basis of strain effects. 
Additionally, the energy difference for the B-exciton is in all cases larger than that of the A-
exciton. 
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Figure 13: Plot of variation of exciton energy with strain. The continuous lines are the prediction based 
on the deformation potential model. The other points show the position of the A- and B-excitons for the 
PLD samples and the bulk sample. For each PLD sample the lower and higher energy data points are 
the A-exciton and B-exciton transverse energies respectively. The errors in the exciton energy for the 
PLD samples are ~ 2 meV for the A-exciton and ~5 meV for the B-exciton. The error for the bulk 
sample is smaller than the data point size. 
We conclude that there must be additional perturbing effects on the exciton energies in 
these samples. As concluded above, x-ray diffraction and Raman spectroscopic measurements 
on the PLD-grown samples show an oriented, columnar, epitaxial, nanocrystalline grain 
structure with the grains highly oriented along the c-axis, and a continuous increase in the 
nanocrystalline grain size with increased annealing. Raman data in particular have shown 
evidence for electric fields due to depletion layers formed by charge trapping at grain 
boundaries, which decreased as the grain size increased. We propose that the additional 
perturbation experienced by the excitons is caused by the same effect. This explains the 
reduced perturbation observed in the samples annealed at 400 oC and 500 oC, as these samples 
have larger grain sizes (table 1) and hence reduced grain boundary density and electric field 
effects. The sample annealed at 500 0C actually has the same A-exciton energy difference as 
the sample annealed at 4000C, and a slightly larger B-exciton energy difference. However, 
considering that the grain size in the two annealed samples is quite similar and given the 
rather large error associated with the transverse energy estimation (particularly for the B-
exciton) as mentioned above, we feel that the results are consistent within these error bounds. 
Our interpretation of the origin of exciton energy shifts in the PLD samples is in good 
agreement with theoretical descriptions of the effect of electric fields on exciton energies [52-
53]. In reference 52, a universal curve relating the change in exciton energy to the electric 
field in the sample is given (as a multiple of the ionisation field, corresponding to a potential 
drop of 1 Rydberg across the exciton Bohr radius, when substantial exciton ionisation 
begins). For electric fields equal to or greater than the ionisation field the exciton energy 
difference compared to the zero field case is always positive, in agreement with our data. For 
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ZnO the exciton energy difference due to such an electric field will have values of the order 
of ~ 6 meV and greater, again in general agreement with the order of magnitudes in our data.  
Visual inspection of the reflectance anomalies shows that there is certainly substantial 
exciton damping for both A- and B-excitons, which is known to occur for electric fields 
greater than or equal to the ionisation field [52]. However we can make an independent check 
of the rough magnitude of the electric field and the ZnO ionisation field as follows. The 
ionisation field of a wide variety of semiconductors scales linearly with the exciton binding 
energy [52]. If we extrapolate using the values in reference 52 and the 60 meV binding 
energy for the exciton in ZnO [1, 43] we find that the ionisation field for ZnO is ~300 x 103 
V/cm. We may estimate the electric fields in the depletion regions at the grain boundaries 
using a simple model, similar to that used to determine depletion layer widths in p-n junctions 
[54]. The residual n-type carrier density in ZnO films grown by PLD on sapphire is generally 
in the range ≥ 5 x 1017 cm-3 [23, 55] and the typical potential barriers between grains (of the 
order of magnitude observed here), associated with these depletion regions, is ≥ 0.1 eV [56]. 
Hall measurements on our samples show carrier concentrations of ~1 x 1019 cm-3. Using these 
carrier concentrations and the static dielectric constant of ZnO [24, 43, 53], we can estimate 
that the average electric fields in the depletion layers in our PLD samples will be slightly 
greater than the ionisation field. Thus we are confident that the electric fields in our samples 
have values equal to or greater than the ionisation field for the excitons and that the 
consequent energy perturbations and damping predicted by theory are fully consistent with 
our data. In addition, this model predicts that a greater energy perturbation is associated with 
a stronger electric field and consequently greater exciton damping. We have seen that the 
energy difference for the B-exciton is in all cases larger than that of the A-exciton. Fits to the 
reflectance data using a polariton model shown below indicate that the B-exciton damping 
parameter needed to reproduce the data is significantly greater than the A-exciton damping 
parameter, in agreement with the theoretical predictions above. We also note that the 
predicted damping parameter, ΔE(F), of absorption spectral lines as a function of electric 
field, based on WKB theory [57, 58], is given by the equation: 
 
 )32.0exp()35.0()(
F
FEFE ionB
−=Δ  (2) 
 
where F is the electric field strength, Fion is the ionisation field, and EB is the exciton binding 
energy. Using the parameters given earlier for ZnO, and the estimated field strengths above, 
we calculate a damping parameter for our samples based on this model of ~15 meV, yielding 
a good order of magnitude agreement with the values of 6.8 and 13.7 meV calculated from 
reflectance data for the A- and B-excitons, respectively, as discussed below. This is a good 
quantitative agreement given the nature of the approximations made. 
B
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Figure 14: PL data for the three PLD samples at 20 K. The samples are normalised so that the BE peak 
intensity is the same in all three graphs. 
PL data over a wider energy range for the three PLD samples is shown in figure 14. We 
see a clear trend in the data: the green band intensity increases relative to the BE intensity 
with increased annealing. The relative strength of the green luminescence in comparison to 
the band-edge PL is often taken as a measure of the sample quality, with strong green 
luminescence indicating lower quality. The data presented above indicates a general reduction 
in defect density with increased annealing, in apparent contradiction with the PL results of 
figure 14. We can explain these data in a manner consistent with the interpretation above 
using the model proposed by Vanhuesden et al. [33]. In this model, the green band is 
attributed to transitions at a singly charged oxygen vacancy (V+O). At grain boundaries, where 
band-bending effects are substantial due to trapped charges, as mentioned above, these 
vacancies become doubly ionised (V++O) and the green luminescence is quenched. Our data 
are consistent with this model as the increase in grain size with annealing causes a reduction 
in the grain boundary density and hence the fraction of V++O compared to V+O. This results in 
an increase in the green luminescence band intensity with increasing grain size. This 
interpretation is also consistent with the results previously obtained by de Posada et al. [59]. 
In order to describe the reflectance spectra in more detail and to confirm the conclusions 
based on our empirical determination of the transverse exciton energies, we will use a two 
band exciton resonance model, with appropriate boundary conditions for a thin film on 
sapphire or a bulk slab (i.e. semi-infinite) [24]. The transverse modes are found by solving the 
following equation for k2: 
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where the symbols have their customary meaning [24] . These solutions are used with suitable 
EM boundary conditions and ABC’s to calculate the reflectance spectra. We have chosen to 
use the Pekar ABCs, with the excitonic polarisation vanishing for each band, at each 
interface. For the bulk sample we also use an exciton dead-layer of variable thickness in the 
fit [60]. In figure 8(a) we show the best fit to the bulk crystal experimental data of figure 8(b). 
The reflectance anomalies are well described by the fit. The fit parameters are given in table 2 
and are similar to those found in Ref. [24]. To fit the reflectance data for the PLD samples 
firstly we began by fitting the excitonic region (region II) neglecting the thin film nature of 
the sample for the sample annealed at 5000C. To date we have not fitted the reflectance data 
for all other the PLD-grown samples. Our fitting of the sample annealed at 5000C is mainly to 
corroborate the conclusions drawn earlier on the basis of the empirical determination of 
longitudinal and transverse exciton energies and to explain the general features seen in the 
reflectance data. 
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Figure 15: Comparison of the reflectance spectra of the PLD sample annealed at 5000C (middle curve) 
with computed reflectance spectra; without including thin film interference effects (top curve); 
including thin film interference effects (bottom curve).  
This fit is shown in figure 15(a), and it may be seen that region II of the experimental curve 
(figure 15(b)) is well described by this fit, with the parameters given in table 2. One may 
compare the parameters for the PLD sample with those found for the bulk sample in table 2. 
There is a substantial shift in the positions of the A- and B-excitons and also a change in the 
transverse A-B splitting, due to both biaxial strain arising from lattice mismatch with the 
substrate and grain boundary electric fields. The LT splitting of the B-exciton in the PLD 
sample is also substantially different to the value in the bulk crystal. The physical origin of 
such a dramatic difference is not clear, but may also be due to the combination of strain and 
electric fields in these samples. In particular, we note that the transverse A- and B-exciton 
energies determined by this fit for this sample are ~ 3.378 eV and ~ 3.390 eV respectively, 
compared to values of 3.375 eV and 3.388 eV from our empirical determination earlier. The 
agreement is reasonably good, and the fitted values are in both cases slightly higher than the 
empirically determined ones, thus providing even grater support for the presence of additional 
perturbations on the exciton energies in addition to strain. It is also clearly seen that the 
exciton damping factors for the A- and B-excitons in the PLD sample are much larger than 
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the values in the bulk sample as expected on the basis of the significantly poorer crystal 
quality of the PLD material and the small grain sizes, and, again in agreement with our 
observations earlier, the damping factor of the B-exciton is approximately twice that of the A-
exciton. The exciton “dead-layer” thickness in the fit for the PLD sample is zero, while the 
exciton effective mass is 0.5 times the electron mass. While both these values are different to 
those found for the bulk sample, the fit is largely insensitive to these parameters given the 
rather large damping. Visually identical spectra are computed with the bulk values of these 
quantities. The oscillations in regions I and III are not reproduced by this fit (figures 15(a) 
and (b)). We have thus used a multi-layer model of an air-ZnO-sapphire (refractive index of 
sapphire ~ 1.8) structure, using identical parameters to those found in fitting the excitonic 
region, with the ZnO film thickness as an additional variable. Fitting this model to the data 
we get the curve in Fig. 15(c), with a ZnO layer thickness of 215 nm, in good agreement with 
the known values of film thickness. The agreement between the experimental data in Fig. 
15(b) and the fit in Fig. 15(c) is qualititatively good. The reflectance minimum at ~ 3.327 eV 
and the reflectance increase at lower energies are reproduced as is the oscillatory behaviour in 
the 3.4 – 3.45 eV range. The origin of this behaviour, where FP oscillations are seen at 
energies below and above the exciton-photon interaction region, while the central excitonic 
region is well described by a model neglecting the thin film nature of the sample, may be 
understood as follows. Figure 16 shows the dispersion of the exciton-polaritons in ZnO and 
indicates regions I, II and III, as in figures 7 and 8. FP oscillations will only be observed if the 
spatial damping of the propagating modes is sufficiently small that the modes can make at 
least two passes through the film. This condition is quantified by requiring that the sample 
thickness d is significantly less than L, where L = (ni.ko)-1, ni is the imaginary part of the 
mode refractive index and ko the free space wavevector [61]. The L values of the photon-like 
branches in regions I and III, where mixing with the highly damped exciton is minimal, are ~ 
120,000 nm and ~ 40,000 nm respectively and L >> 200 nm. Thus we expect to see 
oscillatory structure in the reflectance. In region II L for all modes is < 400 nm due to the 
large damping of the exciton and the strong exciton-photon mixing. Thus no oscillations 
would be expected in region II, in agreement with observation [62-63]. 
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Figure 16: Dispersion of the exciton-polaritons associated with the A- & B-excitons in ZnO (bulk ZnO 
parameters used with damping set to zero). 
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Table 2: Fit parameters for bulk & PLD samples using two band exciton model. Final column 
gives literature values for ZnO single crystal. 
Parameter Bulk crystal 
PLD sample (sample (iii) 
annealed at 5000C) 
Literature 
value [24] 
ATϖh  (transverse A exciton energy, eV) 3.3753 3.3781 3.3758 
BTϖh (transverse B exciton energy, eV) 3.3813 3.3904 3.3810 
ATϖh -  (A-B splitting, meV) BTϖh 6 12.3 5.2 
A
LTΔ  (A exciton LT splitting, meV) 2 1.9 1.8 
B
LTΔ  (B exciton LT splitting, meV) 11.9 3.6 10.2 
AΓh  (A exciton damping, meV) 0.7 6.8 0.7 
BΓh  (B exciton damping, meV) 0.7 13.7 0.7 
M (multiples of electron mass) 0.87 0.5 0.87 
Dead-layer thickness (nm) 4 0 4 
 
Turning to the high excitation data described previously, perhaps the most interesting 
point is that while high excitation effects and even lasing are seen in the PLD samples at 
room temperature, no evidence of such effects is seen in bulk material of obviously superior 
optical quality, as evidenced by PL and reflectance. Other authors have noted that poly- or 
nanocrystalline thin films, unlike bulk ZnO material, exhibit low thresholds for the 
appearance of non-linear emission bands and optically pumped stimulated emission [64-67]. 
The origin of this behaviour compared to bulk material has been attributed to giant excitonic 
oscillator strengths in low dimensional nanocrystalline structures, based on theoretical studies 
[64, 68]. Quite clearly, as indicated earlier, our PLD samples have substantially inferior 
optical quality compared to bulk material, and, in particular, the value of the longitudinal-
transverse splitting for the A- and B- excitons is smaller in the PLD samples than in the bulk 
material (table 2). It is also worth noting that other linear optical measurements reported in 
the literature (e.g. PL, absorption and reflectance) on poly- or nanocrystalline ZnO which 
show lasing at room temperature also reveal no evidence of giant oscillator strengths [64-67, 
28], similar to our data. Various authors have suggested that the wave-guiding properties of 
the air / ZnO / sapphire structure affects the stimulated emission properties leading to large 
gains in thin films [69]. The critical film thicknesses identified are ~ 50 – 60 nm, substantially 
thinner than our films. Hence we do not believe that this effect is appropriate to explain our 
data either. An alternative and simpler explanation is that the FE density in nanocrystalline 
materials may be substantially higher than that in bulk material under the same conditions of 
above bandgap excitation, due to inhibition of FE diffusion in nanocrystalline samples at 
grain boundaries, similar to effects seen in thin films [70-71]. The P- and electron-hole pair 
(EHP) bands in which stimulated emission and lasing are normally seen grow proportional to 
the second (or higher) powers of the FE density [26] and are thus very sensitive to the exciton 
density. In nanocrystalline samples the FE population created by optical pumping in the ~ 
50nm penetration depth [72] will be strongly confined in this volume by grain boundaries 
[65]. In contrast, FE diffusion lengths in bulk material may be significantly larger. FE 
diffusion lengths at low temperature (<77K) are reported in the range 0.2 – 2 μm [70, 72-74], 
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and hence the initial exciton population will diffuse and lower its density substantially.  This 
explanation is outlined in more detail in reference 75, where it is shown that changes in the 
superlinear optical emission bands (P-band, EHP) may be 2 – 3 orders of magnitude larger in 
nanocrystalline ZnO (with grain sizes ~50 nm) compared to bulk material [75]. 
An inter-comparison of the high excitation data from the three PLD samples is consistent 
with the data presented from other optical techniques, and shows that the annealed samples, 
particularly sample (iii) shows the best optical quality, and in this case is the only sample to 
show random lasing behaviour [76]. 
Conclusion 
Pulsed laser deposited ZnO thin films have been characterized using XRD, AFM, Raman 
spectroscopy, PL (at high and low excitation) and reflectance spectroscopies. All films show 
dominant c-axis orientation with epitaxial in-plane ordering. The evolution of the FWHM of 
the XRD (0002) peaks with annealing temperature indicates an increase in the nanocrystalline 
grain size which is confirmed by AFM measurements. A strong correlation between the 
enhancement and asymmetry of the 570cm-1 Raman mode and the FWHM of the XRD data 
has been observed. The presence of electric fields, due to charge trapping at grain boundaries, 
in addition to localised and surface phonon modes, explains the intensity enhancement and 
asymmetry of the LO mode in the unannealed sample. An increase in the grain size and 
reduction in the electric field intensity due to annealing lead to a decrease in the intensity and 
asymmetry of the LO mode. 
Our PL and reflectance measurements show a consistent increase of material quality, in 
terms of PL band-edge emission intensity, linewidth and excitonic reflectance features, with 
increased annealing, though they still fall far short of the bulk crystal material, with excitonic 
linewidths approximately an order of magnitude larger. The PL spectra of the material show 
an increase in bandedge BE signal with increased annealing. The reflectance data show 
similar trends, and assignments are made for the A- and B-exciton features on the reflectance 
spectra. Substantial shifts and quenching of the A- and B-excitons are observed and these 
support the previous conclusions concerning the importance of electric field effects in these 
samples. We also see a consistent increase in the intensity of the green luminescence band 
with increased annealing and explain this in terms of a previously reported model based on 
oxygen vacancies ionised due to electric fields, consistent with the interpretation of our band-
edge data. 
A model based on the interaction of strongly damped excitons with a photon mode 
adequately describes the experimental data and this model supports the conclusions drawn 
from an empirical determination of the exciton parameters. FP oscillations are observed both 
above and below the strong interaction regime, where the photon-like mode is weakly 
damped. In the strong interaction regime, where all propagating modes are strongly damped 
due to mixing, no oscillations are seen. Thus we find that it is important to consider the full 
polariton picture in interpreting the reflectance spectra of nanocrystalline ZnO material. 
We observe evidence of high excitation effects in all PLD samples, but evidence of lasing 
only in the sample (iii) annealed at 5000C. The P-band was identified in each of the PLD 
samples but became most obvious in this sample. The variation in the strength of the P-band 
and the onset of lasing was again consistent with the optical properties of the PLD samples 
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observed via the other experimental techniques. The presence of such nonlinear optical 
emission bands in nanocrystalline PLD thin films compared to superior optical quality bulk 
material is attributed to the inhibition of exciton diffusion in nanocrystalline films, leading to 
a large enhancement in the exciton density compared to bulk material. 
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